The paper revisits the mechanism of reversible hydrogen evolution and oxidation reactions (HER and HOR) based on detailed thermodynamic analysis and survey of recent literature data. An assumption about the participation of adsorbed hydrogen atoms as intermediates in these processes, which was made about half a century ago and cannot account for a number of recent experimental observations, is critically analyzed. We propose that adsorbed molecular ion (H + 2 ) ad acts as intermediate in HER and HOR reactions described by the overall reversible process as follows:
INTRODUCTION
Electrochemistry of hydrogen has been extensively and thoroughly investigated [1] [2] [3] [4] [5] [6] for a long time and recently attracts additional interest due to promising developments in sustainable future energy applications including batteries, fuel cells, hydrogen storage, and solar hydrogen to mention but a few. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Hydrogen-focused technologies range from water splitting to fuel production and solar energy applications 17 where efficiency requirements are utmost stringent. Hence, an adequate understanding of hydrogen electrochemical behavior and its evolution on different surfaces, in various gaseous and liquid environments is required for future technologies and is actively researched.
18, 19
Formation of the electrochemical conception of hydrogen evolution process dates back to 1960s -1970s. In their pioneering studies Will, Knor, Biegler, Rand and Woods 20, 21 observed that the charge Q c and Q a , which corresponds to the regions preceding the beginning of H 2 and O 2 evolution in cyclic voltammograms (CV) of Pt, Pd, Rh, Ir, and Au is equivalent to the charge required for the formation of the monolayers of H and O atoms on the surface of these electrodes. On the basis of these findings it was suggested that the onset of H 2 evolution on the surface of noble metals is preceded by underpotential deposition (UPD) of H atoms and that hydrogen evolution and oxidation reactions (HER and HOR) go through the stage of adsorbed hydrogen atom, H ad , formation. Following mechanisms known as Volmer-Tafel (I) and Volmer-Heyrovsky (II) were proposed for HER: 
H + H ⇔ H 2 (Tafel reaction)
II. H + aq + H + e − ⇔ H 2 (Heyrovsky reaction) (3) where H represents adsorbed or chemisorbed particle.
Presently various forms of surface H atoms, i.e. H ad , H chem , H U P D , H OP D , H ss , H abs (adsorbed, chemisorbed, underpotential deposited, overpotential deposited, subsurface, absorbed) are considered and are treated as intermediates not only in HER and HOR, 5 but are also invoked for the interpretation of experimental results in the case of other reactions in such areas as electrochemistry 22 or catalysis.
23
Detailed mechanisms of hydrogen electrochemistry are still debated in authoritative reviews. 5, 13, 24 Over past few decades, scientific school of B. E. Conway has devoted many efforts to this subject. An overview of their studies can be found in ref. 5 Among their works, noteworthy is relatively recent review by Conway and Tilak, 6 which includes summary of recent experimental results together with history of the subject, types of reactions, thermodynamics, kinetics and mechanism of reversible and irreversible HER and HOR. The results discussed in the review 6 concern not just Pt as a model electrode, but other metals as well. Though fundamental concept that processes of hydrogen evolution and oxidation proceed stepwise and go through the stage of H ad formation is not questioned by the authors, 6 several formerly accepted points, which will be discussed further, are reconsidered. In general, H 2 evolution is envisaged as electrocatalytic process and the catalytic properties of various metals towards this reaction are believed to be related to the energy of "metal-to-H", i.e. M-H chemical bond. According to Conway et al., 6 underpotential deposition of H atoms at E ≥ E 0 SHE is explained by the following thermodynamic inequality, referred herein as the condition (4):
where G stands for Gibbs energy of the particles indicated and Θ denotes the extent of surface coverage with H atoms. Following sequence of reactions is presented:
and overall reaction:
where index "g" denotes gaseous state. According to the first principles of thermodynamics: G H2 = 0 and G M = 0. 25 ∆G 0 ads of H atoms adsorption, evaluated by Conway et al. 6 on the basis of UPD effect, is -30.1 and -65.2 kJ mol −1 for Pt(111) and Pt(100), respectively. Consequently, the authors of ref. 6 consider that condition (4) for reaction (7) is fulfilled and, hence, formation of H atoms from H 2 molecule on the electrode surface is spontaneous process.
It should be, however, pointed out that G values that are compared refer not to the same particle in free and adsorbed state, but to different particles, i.e. H atoms and H 2 molecules. values to the right side of eqs. 5 and 6 would lead to large positive ∆G at the right side of the overall equation 7, which means that formation of metal hydrides M-H from H 2 molecule is unfavorable. Consequently, dissociation of H 2 to H atoms on the electrode surface (eq. 7) should not proceed spontaneously. In order for the dissociative adsorption of H 2 molecule to proceed spontaneously, the absolute value of the energy of chemisorption of H atoms in eq.7 should exceed 203.25 kJ mol −1 and thermodynamic condition (4) should be written as follows:
Minus sign in eq. 8 means that energy is released during chemisorption.
Naturally, adsorption energy of some ∼ 30 or ∼ 65 kJ mol −1 is not capable of breaking chemical bond between H atoms in H 2 molecule. Hence, on the basis of the first principles it is necessary to revisit atomic and molecular processes of hydrogen on metal surfaces.
The aim of this study is to revisit the accepted concept of HER and HOR and to propose new interpretation of these phenomena, based on the first principles of energy conservation and by comparison with reported experimental data. This paper represents an analytic study of literature data rather than a review. It contains generic experimental details of voltammetric measurements and referenced data.
When non-standard conditions are discussed, E values in the text refer to reference hydrogen electrode (RHE), the potential of which depends on solution pH and is related to standard hydrogen electrode (SHE) according to the equation as follows:
Under standard conditions (pH=0) E RHE = E SHE = 0 V.
ANALYSIS OF MECHANISMS OF HER AND HOR

Critical evaluation of the accepted concept
Status of H g and H 2 is thermodynamically clearly defined by the following reactions:
and . Bonds of such energy should be treated as chemisorptive rather than adsorptive. If this was really the chemisorption, one would have to admit the formation of extremely stable surface hydrides on the electrode surface and the formation of H 2 molecule from such hydrides would be problematic. There is, however, no experimental evidence for such strong chemical bonds between metal and H atom. Platinum hydrides are not known in the chemistry of Pt.
7 When interaction between Pt surface and hydrogen was investigated in gaseous phase, the value of heat of adsorption ∆H ads ∆H ads was found to be just 41.2 kJ mol −1 , 6 which is close to depolarizing effect ascribed to adsorption of H atoms and estimated by electrochemical methods. 6 It is noteworthy that adsorption energies E ad ranging between 300 and 700 meV or 30 -70 kJ mol −1 were theoretically evaluated on the basis of the density functional theory (DFT) calculations for the monolayer of H ad adsorbed on low and high index planes of single crystal electrodes of Pt in 0.5 M H 2 SO 4 .
28 In accordance with the well-known relation:
such heat of adsorption should correspond to depolarization of the process by 0.3 -0.7 V. Since depolarization of H deposition should be measured from the standard potential of eq.10, i.e. E 0 H + /H = -2.1 V, and not from E 0 SHE = 0 V (eq.11), the above given value of ∆H ads cannot account for the formation of H atoms on Pt electrode surface at E = E 0 SHE = 0 V. Consequently, the Volmer reaction (eqs.1,10,12) turns to be not possible under the specified conditions. Therefore, strange as it may seem, the participation of adsorbed H atoms as intermediates in HER and HOR at the potentials close to E SHE , is unjustified from the thermodynamic point of view. So it seems that a hasty conclusion was made half a century ago regarding the role of H atoms in HER and HOR. This was the very beginning of the research of electrochemical surface phenomena and the above assumption, which later became a doctrine, played an important and progressive role in the development of electrochemistry as a branch of science. At present, however, it is no longer capable of explaining adequately the observed phenomena and predicting them.
Feasibility of Volmer reaction at E ≥ E RHE
Volmer reaction represents electrochemical discharge of one H + ion leading to formation of H atom (eqs.1,10,12). As already stated above, necessary condition for the Volmer reaction to proceed on Pt electrode under standard conditions, is that the energy of H atom chemisorption on the electrode surface should be no less than 
Formation of H 2 molecule from two H atoms could be the reason of such depolarization in case the reaction (11) proceeded in one step, which means that two H atoms should appear simultaneously within a distance of chemical bond, and bond together forming H 2 molecule. The probability of such one-stage process is negligibly low as such act requires simultaneous participation of four particles, i.e. 2 H + ions and 2 electrons. Moreover, the surface electrochemical phenomena observed at E ≥ E SHE clearly speak for the stepwise nature of the process.
If neither adsorption or chemisorption of H on Pt, nor chemical reaction between H atoms is involved in UPD of hydrogen, there still is another possibility, which has been somehow disregarded so far, and it involves formation of molecular ion H + 2 as an intermediate in HER. This ion is well known for spectroscopists. 29 It represents a particle consisting of H atom and H + ion or, in other words, two protons sharing one electron with a distance between the nuclei equal to 0.106 nm. 29 The most important, however, is the fact that energy of the bond between H atom and H + ion makes 255 kJ mol ion does not exist in the solution phase, whereas its existence on the electrode surface is possible only within a narrow range of E values, as will be shown further.
The stages of electrochemical reduction of H + in the form of H 3 O + ions in this case should be as follows:
(H
where index "surf" indicates the surface nature of the process. As one can see from the above equations, formation (eq.14) and further reduction (eq. acts as intermediate in HOR as well, since reactions 14 and 15 are reversible. It will be also demonstrated that most important experimentally observed regularities do not contradict the above mechanism (eqs.14,15), on the contrary, this mechanism allows understanding them better. In the context of new interpretation of hydrogen evolution process, which excludes the role of adsorbed H atoms as intermediates in HER and HOR, it is necessary to re-examine surface electrochemical phenomena observed experimentally in the so-called UPD region, i.e. within E range from ∼0.4 V up to H 2 evolution. The most suitable electrode for this purpose is platinum, as it represents the model electrode used in the majority of HER and HOR investigations in various electrolytes. Processes of Pt anodic oxidation and H 2 evolution are very distinctly separated along the E axis. The E range between ∼0.4 V and ∼0.5 V represents double layer region, where the surface of Pt electrode should be free of any surface compounds related with H 2 evolution or Pt anodic oxidation processes. 31 Typical shape of cyclic voltammogram of Pt electrode in solution of H 2 SO 4 is shown in Fig. 2 .
21, 32, 33
The CV in Fig. 2 reveals two pairs of current peaks, i.e. I and II. One more minor current wave usually emerges in the curves between the two anodic current peaks. The charge associated with I and II pair of peaks makes about ∼1/3 and ∼2/3 of the total charge, respectively. This ratio may differ for other Pt group metals and electrolytes.
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According to the initial version of the mechanism, 21 the charge associated with I and II pair of peaks corresponds to formation/oxidation of strongly (I) and weakly (II) adsorbed H atoms. According to revised concept, 6, 35 two types of adsorbed H atoms are distinguished: H U P D and H OP D , which were already mentioned above. The authors consider that H OP D can be adsorbed on the same Pt atoms as H U P D , just the location of atoms and strength of chemical bond differ. H OP D is considered to be the main intermediate in HER at E < E RHE , i.e. under overpotential conditions. According to the authors, 5, 6 H OP D are located on top-site Pt atoms, whereas H U P D are situated at 3 or 4-fold sites between Pt atoms, 5 depending on crystallographic plane fcc (111) or fcc (100), respectively. However, the results of spectroscopic investigations 36, 37 have revealed that particles existing on Pt electrode surface within E ranges of I and II current peaks are different.
Another important point relates to charge, which corresponds to the amount of H atoms adsorbed on the electrode surface. According to Conway et al., 6 only 2/3 of total Q c within E range from ∼0.05 V to ∼0.35 V, i.e. in the so-called hydrogen UPD region, should be ascribed to adsorption of H atoms, whereas the rest 1/3 is related to adsorption of HSO 
During H 2 evolution bisulphate ions are replaced by H OP D atoms within E range from ∼0.05 V to ∼-0.05 V. 
Ionic adsorption/desorption processes
It is well known in electrochemistry, 38, 39 that symmetric current peaks in cyclic voltammograms reflect processes of reversible electrochemical ion adsorption/desorption. Such process can be conceived as formation of a ionic pair within double electric layer, when the charge of an ion in the solution phase is compensated by opposite charge in the electrode phase 40 and there is no charge transfer through the solution/electrode interface, as can be expressed by equation as follows:
where Q ad ≈ ne − stands for charge of adsorption and n is usually close to 1.0. 41 The adsorption of ions can proceed as long as there is free space on the electrode surface, whereas desorption can proceed until there are no adsorbed ions left on the surface. The potential of the electrode determines the ratio between free and occupied space on the surface and equality of the rates of adsorption and desorption in accordance with Nernst equation, which is valid for such case:
c ad stands for surface concentration of adsorbed ion, mol cm −2 , c ∞ is surface concentration of adsorbed ion at maximum surface coverage (Θ = 1.0) and E 0 ad is standard potential of adsorption process, when c ad /(c ∞ −c ad ) = 1. Given that i/nF = dc ad /dt and E = E t=0 ± vt, equation 18 can be transformed into equation of cyclic voltammogram 38 as follows:
where v -is potential scan rate, Fig. 3 shows calculated voltammograms (eq. 19) for reversible formation and desorption of a monolayer of positively charged particles (upper and lower curves, respectively).
Comparison of curves presented in Figs. 2 and 3 demonstrates clearly that two pairs of peaks in Fig. 2 are related to reversible adsorption/desorption of two different positive ions.
New concept
An extremely important correlation between precise cyclic voltammetric and electrochemical nanogravimetric data for Pt in 0. (Fig. 2) is only formally related to the true surface area of Pt electrode. 42, 43 More precise evaluation of the latter could be done on the basis of nanogravimetric results. It should also be noted here, that ratio ∆m/∆Q, which varies between 16 to 18 g per mol e
− within E range of both I and II current peaks (Fig. 2) , confirms the presumption, that the particle which diffuses from the electrode surface into solution according to eqs. 20 and 14 is OH − ion.
Key features of the new concept
In summary we can say that the 1 st cathodic current peak within E range from ∼0. (22) 0000000 000000 0000000 000000 0000000 000000 0000000 000000 0000000 000000 for (110), and
for (111), here a is the face-centered-cubic (fcc) crystal lattice period; a = 0.392 nm for Pt. 33 The digitized experimental voltammogram from ref. 33 is also shown for comparison (see filled profile in Fig. 4 ). As one can see, the agreement between the experiment and theory in Fig. 4 is quite satisfactory from both qualitative and quantitative point of view. The origin of the small anodic current peak between the main ones in Fig. 2 will be discussed further.
As it is shown in Fig. 4 , the main reversible step III of HER, which determines the value of reversible potential E RHE , is reaction 14. At E = E RHE , both processes, the adsorption of H 3 O + ions and its reduction to (H + 2 ) ad as well as reverse anodic reactions are fast and do no limit the rate of step III. Surface concentration of intermediate (H + 2 ) ad , which can be either reduced or oxidized, determines the rate of step III and, consequently, the value of exchange current i 0 of the overall process. Nernst equation for this electrochemical surface process (eq.15) should be written as follows:
where
is surface concentration of (H + 2 ) ad , expressed through the extent of surface coverage Θ. In view of the fact that under conditions of electrochemical equilibrium the potentials of all partial electrochemical steps and overall reaction, i.e.:
should be equal, the standard potential of reaction 15 under standard conditions and at Θ (H = 0 V. 25 In such case, surface concentration of (H + 2 ) ad at E = E SHE , which equal to ∼0.7 nmol cm −2 and is three times lower than the surface concentration of Pt atoms (∼2.1 nmol cm −2 ), should be treated as being equivalent to Θ (H + 2 ) ad = 1, presuming that charged particles (H + 2 ) ad are evenly distributed over Pt electrode surface and occupy all the available 3-and 4-fold sites on it according to the surface orientation (Fig. 5) . Figure 5 shows a Pt atom distribution on the most probable, low Miller index, surfaces and the coverage by H + 2 and H 3 O + ions. The ionic nature of the surface monolayer prevents occupation of all the available sites and is consistent with the experimental data of surface charge measurements.
Spectroscopic data
In regard to the interpretation of the results of recent spectroscopic studies (SEIRAS -surface enhanced infrared absorption spectroscopy), 28, 42, 43 it can be noted that in the case of Pt in 0.5 M H 2 SO 4 the spectral response of intermediate of HER and HOR, which becomes visible at 2080 -2095 cm −1 in the E range between ∼0.12 V and ∼−0.03 V (RHE), is ascribed by authors to "terminal H" or, in other words, to H OP D . As for H U P D , the authors clearly state that they "could not detect any signals definitely assignable to H U P D ". 43 They consider that the peak in spectra at 1100 cm −1 observed within E range from ∼0.3 V to ∼−0.057 V (RHE) can be related to adsorption of H 3 O + ion. In our view, the first peak at 2080 -2095 cm −1 should reflect adsorption of H + 2 , whereas the second one at 1100 cm −1 , in agreement with authors, 43 should be related to adsorption of H 3 O + . It is evident, that both indicated ions should exist on the electrode surface at E ≈ 0 V (RHE) and their surface concentration should increase with the increase in negative potential of Pt electrode.
KINETIC PARAMETERS OF HER AND HOR
Literature data overview
It is apparent that kinetic parameters of HER and HOR experimentally evaluated for different metals and electrolytes do not depend on the interpretation of the mechanism of the processes involved. It is, however, very important how adequately one or another model can explain and even predict experimentally observed regularities. The majority of kinetic studies of HER were performed under overvoltage conditions. Detailed summaries of early studies are presented in monographs, 1, 25 whereas the later investigations were surveyed by Conway et al. in review. 25 and Au 1 electrodes, dη/ dlgi values as low as ∼29 mV were reported, i.e. b = RT /2F. This is attributed to chemical Tafel reaction (eq. 2), i.e. slow desorption of H atoms in the form of H 2 molecules from the electrode surface. However in the case of Pt and Pd electrodes b values ranging between 40 and 60 mV were also determined. The latter fact, when b is close to RT /(2-α)F at α = 0.5, is explained by slow transfer of the second electron.
1
The results of kinetic studies performed in the case of hydrogen oxidation reaction are overviewed in ref.
6
HOR is envisaged as diffusion-limited dissociative adsorption of H 2 molecules on the electrode surface resulting in formation of adsorbed H atoms, which are further electrochemically oxidized in reverse Volmer or Heyrovsky reactions. Similarly to HER, dη/ dlgi values ranging between 30 and 60 mV and also higher ones reaching 100 -120 mV were reported for noble and other metals in acid and alkaline solutions. However the evaluation of slope dη/ dlgi in the vicinity of reversible potential, i.e. at η ≤ ± RT /F, is problematic from both experimental and theoretic point of view, because experimental data are not reliable and in the case of reversible, diffusion-limited processes all steps of electrochemical reaction are a priori known to be fast.
Interpretation of kinetic parameters in terms of new concept
As far as reversible process is concerned, i.e. at η < ± RT /F, it is more reasonable to speak about Nernst slope dE /dlgi rather than Tafel slope. In the case of overall reaction of reversible H 2 evolution, as expressed by eq. 23, Nernst slope at p H2 = const should be equal to RT /F, i.e. ∼60 mV 25 (see further) irrespective of the understanding of its mechanism. Lower values of dE /dlgi ranging between 30 and 40 mV can be understood only in case if the experimental conditions are favorable for realization of the following partial electrochemical equilibrium: Tafel slope of ∼118 mV observed at high overvoltage conditions, as indicated above, is also consistent with new interpretation of HER mechanism. In the overpotential region, i.e. at E < E RHE , the surface concentration of (H + . In the case of the first reaction slope dE /dlgi should be close to 60 mV, whereas for the second one it can be significantly higher, as indicated above (eq.19, Fig. 3 ).
In the case of surface reaction (H 
it follows that:
Differentiation of eq.27 with respect to time and substitution of dc
/dt with ±i /F yields the equation:
where i is current density in A cm −2 and v = dE /dt is potential scan rate in V s −1 . Substitution of exponent in eq. 28 with surface concentration of (H + 2 ) ad (eq. 27) gives following relation:
which makes it possible to evaluate the value of exchange current i 0 at E RHE = E SHE = 0 V. Given c , what corresponds to experimental data . 5 Logarithmic differentiation of eq. 28 with respect to E would give the Nernst slope for reversible processes dE /dlgi = 2.3RT /F, mentioned above. The same can be obtained from the Nernst equation for overall H 2 evolution process (eq. 24).
Critical analysis of "Volcano" relation
When kinetic parameters of H 2 evolution on different metals are compared, it is necessary to mention the socalled "Volcano" relation for HER, i.e. dependence of lgi 0 on ε M−H chem , 5, 6, 45 which according to the authors reflects the relation between the catalytic activity of metal towards HER and metal to H bond energy.
The need to reevaluate the significance of this relation was pointed out by Jerkiewicz et al. in review. 5 Vetter in his handbook of electrochemical kinetics 1 indicated that evaluation of ε M−H chem is unreliable. In our view, Figure 6 . E regions of H2 evolution and oxidation reactions on Pt electrode surface. Numbers I, II and III denote processes indicated in Fig. 4 evaluation of M to H chem bond energy according to relation:
, which includes half of the bond energy between H atoms in H 2 molecule, is not adequate to reality. This follows also from the other reported data.
24, 46-48 Moreover, in "volcano relation" no distinction is made when comparing the following groups of metals:
• (i ) metals, the surface of which in indifferent electrolytes is free from surface oxides within whole range of overvoltages, i.e. up to η ≈ -1.3 V, e.g. Pt, Pd, Rh, Ir, Ru, Au, Re, Ag, Cu, Sb, Bi, Hg
• (ii ) metals the surface of which within E range of interest is fully covered with oxide layers and, therefore, the existence of H atoms on the electrode surface is impossible, e.g. Ti, Nb, Ta, W, Mo
• (iii ) and metals which can be oxidized by H 3 O + ions and corrode with formation of surface oxides or hydroxides, which block the electrode surface to a greater or lesser extent, e.g. Ni, Co, Fe, Cr, Sn, Zn, Cd, Pb, Tl, In.
It is not adequate to reality to consider that there is only one mechanism of electrocatalysis for HER, which involves the formation of adsorbed H atoms, and that platinum group metals are best electrocatalysts for this reaction as follows from "volcano relation". The phenomenon of electrocatalysis should be understood as considerable increase in the rate of thermodynamically possible process within certain E range, i.e. the OPD range, due to either formation of certain substances -electrocatalysts on the electrode surface or to disappearance of inhibitors. Therefore there can be many mechanisms of electrocatalysis for HER and they can be specific for different metals and experimental conditions. From the above discussion it is evident that in case when positive adsorption of H 
MH + H
As for the third group of metals, the intensity of HER in the case of Ni, Co, Fe, Zn, Cd, In and Tl increases when the layer of oxygen compounds is completely electrochemically removed from the surface, the sign of the surface charge changes from + to -, depending on the value of p.z.c. (potential of zero charge) of the metal and accessibility of the metal surface for H 3 O + ions increases considerably. It should be kept in mind that H 3 O + ions compete for the place on the electrode surface with H 2 O molecules the concentration of which in the solution of 0.5 M H 2 SO 4 is ∼55.5 times higher than that of H 3 O + ions and which cannot be directly reduced to H 2 . The present study, however, does not aim at detailed analysis of electrocatalysis of HER.
SUMMARY OF THE NOVEL VIEW OF HYDROGEN ELECTROCHEMISTRY
The above presented novel view of hydrogen electrochemistry changes, first of all, the understanding of surface phenomena taking place on Pt electrode at E > E RHE . It is suggested that adsorption of H 3 O + ions, their reduction and adsorption of resulting H + 2 ions take place instead of formation of adsorbed H atoms. The amount of (H 3 O + ) ad and (H + 2 ) ad is directly proportional to nanogravimetric changes in electrode mass within E ranges of I and II current peaks (Fig. 2) . Maximum Pt surface coverage with (H Secondly, the understanding of reversible stages of HER and HOR at E = E RHE also changes. Speaking in general about acid and alkaline solutions, following reversible chemical and electrochemical reactions take place: E regions of H 2 evolution and oxidation reactions taking place on Pt electrode are summarized in Fig. 6 . Fig. 4 may be considered as graphical abstract summarizing the above-discussed novel view of hydrogen electrochemistry.
The main conclusions of the presented analysis are:
− New mechanism of reversible hydrogen evolution and oxidation reactions, involving participation of adsorbed hydrogen molecular ion -H ions instead of H atoms.
− As for the overpotential region, i.e. E ≤ 0 V (SHE), various irreversible electrocatalytic scenarios of H 2 evolution, going through various intermediates, including surface metal hydrides, are possible depending on the conditions and nature of the electrode.
The proposed mechanism of hydrogen surface reactions is consistent with a hydrogenation of metals, e.g., an efficient uptake of hydrogen inside Pd and other metals. 50 Molecular ion of hydrogen has been considered in electrode surface reactions as early as 1939, 51 however, later this obvious candidate for analysis of HER and HOR was abandoned. Recently, H + 2 was found to be the most stable building block in light-induced strong field breakdown of water molecules. 52 The presented here analysis and the new concept revisits H + 2 involvement in HER and HOR and shows that the quantitative agreement between the experiment and theory is reached.
